We present an all-optical method for achieving molecular Bose-Einstein condensates of 6 Li. We demonstrate this with mixtures in the lowest two (1-2), and second lowest two (2-3) hyperfine states. For the 1-2 mixture, we can achieve condensate fractions of 36%, with 9 × 10 4 atoms at 0.05 µK temperature. For the 2-3 mixture, we have 28% condensed with 3.2×10 4 atoms at 0.05 µK temperature. We use mostly standard methods, but make a number of refinements in the magnetic bias coils compared with earlier work. Our method imposes minimal constraints on subsequent experiments by allowing plenty of optical access while requiring only one high-vacuum chamber.
I. INTRODUCTION
Since the advent of laser cooling and the formation of the first Bose-Einstein condensates (BEC), the notion of using cold atoms for quantum simulation has been extensively developed and employed [1, 2] . Of particular interest to simulating material systems are cold fermionic atoms, which nicely map onto the conduction electrons responsible for many material properties. One interesting system to study is the so-called "BEC-BCS crossover", which occurs when the scattering length between two fermionic spin states diverges [3, 4] . For cold atoms, the scattering length can be conveniently tuned to this point using Fano-Feshbach resonances [5] [6] [7] . For a many-body system, however, there is in principle a dependence on details of the interaction potential beyond those that determine two-body scattering properties, and beyond two-body corrections to many-body behavior may exist [8, 9] . These possibly subtle effects might be isolated more easily if one could control for the two-body 2 effects. To this end, different combinations of hyperfine states of 6 Li could be tuned to have nearly identical two-body scattering properties (because the effective range is nearly constant with field [10] ) and experience otherwise nearly identical trapping conditions. Thus any difference in many-body behavior could be attributed to beyond two-body effects.
In order to perform these studies, a method is needed to cool and trap the atoms in the appropriate spin states, which ideally would impose minimal constraints on subsequent experiments. Here we demonstrate a method to achieve quantum degeneracy, observed as the formation of a molecular BEC of 6 Li, in two combinations of hyperfine states: the lowest two (i.e. 1 and 2 numbering from the bottom) or the second lowest two (i.e. 2 and 3). The apparatus is all-optical, in the sense of using no magnetic trapping potentials.
Many all-optical setups exist for the production of degenerate 6 Li gases [11] [12] [13] [14] , including 1-2 and 1-3 [15] hyperfine mixtures. However, ours is the first report to our knowledge of a condensate in the 2-3 hyperfine combination, and combines several attractive features: the condensate is located in a stainless steel chamber that offers durability and tolerance for thermal gradients, but our design preserves a high degree of optical access: 4 each of 64 mm diameter and 38 mm diameter viewports in the optical 
II. APPARATUS
Our system consists of the following components, centered around a large stainless steel vacuum chamber:
• A lithium oven, connected by a Zeeman slower
• A pair of Bitter-type electromagnets, and 3 smaller shim coil pairs
• An in vacuo radiofrequency antenna to drive hyperfine transitions
• A 671 nm amplified laser source, capable of quickly switching between the D2 ( 2 S 1/2 → 2 P 3/2 ) and D1 ( 2 S 1/2 → 2 P 1/2 ) transitions of 6 Li. Main magnetic field coils 8) Main chamber 9) Non-evaporable getter. The laser system and shim coils are not shown.
• A high power (200 W) Yb fiber laser with wavelength 1070 nm for far-off-resonant trapping
• A customized electronic control system built around individual microcontroller units (MCUs) Figure 1 shows an overview of the main elements of the system. We describe each element in turn.
A. Oven and Zeeman slower
The oven consists of a vertically oriented stainless steel capped tube and a right angle The viewport opposite the Zeeman slower is heated to 370 K to reduce accumulation of lithium metal.
B. Magnetic field control
A moderately large field of 83.2 mT is needed to reach the Feshbach resonance, where the scattering length of 6 Li in the lowest two hyperfine states diverges. To provide this, we employ a pair of electromagnets based on a modified Bitter-type design [17] . The basic configuration is a stack of "C" shaped copper pieces, which connect at the ends to the neighboring layers. The pieces are clamped to a mounting plate using bolts. The oversize bolt holes allow cooling water to flow around the bolt, and between the layers guided by gaskets. Unlike Ref. 17 , however, our coils consist of two concentric sections, such that the current path is in one end on the inner section, helically through the inner section, between the inner and outer sections at the opposite end, and back helically through the outer section to the starting end (or vice versa). This increases the field for a given current flow, allowing the coils to separate further and increasing optical access to the chamber. The concentric coil design also allows one end of the coil to sit in a reentrant viewport, without the need to use one of the retaining bolts to conduct current, and ensures that the full voltage drop of the coil does not fall between the conducting bolt and the last coil. The latter has been observed to lead to corrosion during inductive voltage spikes in previous designs.
The magnetic environment in the main chamber is additionally controlled by 3 pairs of independent "shim" coils. Radiofrequency magnetic fields can be applied to the atoms through an in vacuo antenna.
The antenna is a single, rectangular turn of round cross-section bare copper, perpendicular to both the Zeeman slower and main coil axes, in order to drive m F = ±1 transitions.
The wire diameter is 1.6 mm, and the rectangle is 64 mm by 38 mm. The antenna was present during the vacuum system bakeout to ensure that outgassing in close proximity to the atomic gas does not reduce the vacuum lifetime.
C. Light sources
The 671 nm source is capable of supplying light at frequencies matching either the D2 Figure 2 shows a schematic of this laser system. Two separate seed sources are derived from external cavity diode lasers (ECDLs), providing about 20 mW of light each. One seed source is locked using a lithium vapor cell [18] .
The vapor cell consists of a vacuum "tee" with one arm extended to 500 mm length. In the long arm is placed a chunk of enriched 6 Li metal and stainless steel mesh to help retain the liquid lithium. The cell is heated to 620 K and contains argon buffer gas at approximately 0.1 mbar. The laser is then locked to the D1 frequency using the dichroic atomic vapor laser lock (DAVLL) method.
The other ECDL operates at the D2 frequency, and is combined with the D1 laser to produce a beat note of approximately 10 GHz, which is locked to a microwave source referenced to a commercial rubidium frequency standard. This locking method allows the D2 frequency to be increased by several GHz as needed to image the atoms in high magnetic fields. A few mW of both the D1 and D2 light is fed through acousto-optical modulators (AOMs) and through a fiber to the Fabry-Perot (FP) diode laser. This laser is injection-locked to either the D1 or D2 frequency as needed. The seed source can be switched via the AOMs simultaneously with a change of current. We have found that by providing a step change to the current, together with a exponentially damped component, we can re-establish injection locking after 0.1 ms during the switch. in previous designs [19] . A further unique element of our design is that all modules generate their response on-the-fly, that is, the entire sequence does not need to be pre-computed.
Most commonly this is used to reduce bandwidth by specifying only ramp endpoints, but it can also be used to feedback stabilize an output, as the MCUs have built-in analog-to-digital converters (ADCs).
III. MAGNETO-OPTICAL TRAP (MOT)
The 6 
IV. GRAY MOLASSES
To get a better initial Phase Space Density (PSD) for evaporation, we use D1 gray molasses cooling before loading atoms into our dipole trap. The D1 gray molasses cooling is a very effective sub-Doppler cooling method for lithium that relies on interference between two components of light with a relative frequency difference matched to the ground state hyperfine levels. [13, [20] [21] [22] . Our molasses beams share windows with the MOT beams but have small beam diameters of 11 mm for the horizontal direction and 8 mm for the vertical direction. The total power is 137 mW with a fraction of 5% of repumper. In molasses cooling without canceling stray field (we estimate the field to be 300 mG). The cooling is only a small improvement, but the frequency sensitivity shows that the gray molasses cooling mechanism is working. After canceling the residual field to better than 10 mG, the temperature dropped dramatically to 80 µK (blue star)
order to optimize the captured fraction and the final temperature, we employ a two-stage procedure. The first stage begins after quickly switching off the CMOT gradient and D2
cooling beams, and lasts about 5 ms. The total D1 light intensity is 400 mW/cm 2 . The second stage lasts only 0.2 ms, during which the AOM is ramped down to produce 25% of the starting intensity. The effectiveness of D1 gray molasses is quite sensitive to the two-photon detuning, which is precisely controlled by an AOM. We plot the temperature against two photon detuning in Figure 4 . The D1 gray molasses, like other sub-Doppler schemes, is sensitive to residual magnetic fields, so we zero the main coil current and use the shim coils to cancel the residual field. Although careful field cancellation was necessary to achieve significant temperature reduction, all of the other conditions could be optimized under larger stray field conditions. The residual field cancellation was adjusted and verified by measuring radiofrequency transitions between hyperfine states. Somewhat surprisingly given the extreme sensitivity, we were not successful in using the cooling efficacy alone to find the zero field condition. Under optimal conditions, we have close to 100% of the atoms cooled and the temperature reduced to 80 µK. Since the single photon detuning isnt critical to the D1 gray molasses, the light shift from the dipole laser is not harmful and we increase the optical dipole power during the D1 molasses. At the end of D1 molasses cooling, we shut off the repumper 0.1 ms before the cooling beam, so the atoms are optically pumped into the lowest two hyperfine states.
V. EVAPORATION AND BEC
In what follows we label the absolute lowest three hyperfine levels as |1 , |2 , and |3 , We have made molecular Bose-Einstein condensates in both |1 −|2 and |2 −|3 mixtures.
In order to make a |1 − |2 molecular BEC, we use forced evaporation. The first stage of evaporation lasts 700 ms, during which we ramp down the laser power to decrease the temperature, and the magnetic field shifts to 75.1 mT for a convenient binding energy to generate Feshbach molecules. We confirm the existence of molecules by radiofrequency spectroscopy between the |2 and |3 states as shown in Fig. 5 . The binding energy can be estimated by the formula E B /k B =h 2 /(ma 2 k B ) = 2.2 µK, where E B is the binding energy and a = 188 nm at 75.1 mT is the s-wave scattering length [7] . We then spend 600 ms to gradually decrease the modulation and increase the atom density, and then a further 800 ms of evaporation before the molecular BEC emerges. The atom number and temperature during evaporation are plotted in Fig. 6 .
The bimodal profile is one of the easiest tests for the existence of BEC [23] . However, for 6 Li in the strongly interacting region, a special imaging procedure is used to make the profile more obvious [24] . We first ramp down the field from 79.0 mT to 50.0 mT in 1 ms
Number of Particles seen at the end of the evaporation (see Fig. 7 ). We estimate that we can have condensates with nearly 10 5 molecules, about 36 ± 4% of which are in the BEC. The total number is determined by standard absorption imaging methods, and a bimodal fit is used to estimate condensation fraction. There is some systematic uncertainty to this estimate due to the rapidly changing scattering length during the initial time-of-flight period, which prevents true ballistic expansion. Since these effects cover 1 ms out of the 11 ms time of flight period, we estimate this uncertainty at 10%, comparable to imaging shot noise uncertainty.
Similar considerations apply to the temperature, which is estimated to be around 0.05 µK, based on the thermal portion of the image. At lower laser powers, the temperature does not decrease significantly, suggesting there may be competing heating processes [14] .
To make a |2 − |3 molecular BEC, we start by loading a |1 − |2 mixture into crossed dipole trap. Then, we transfer atoms to the desired spin states, which requires a two-pulse sequence: |2 → |3 , followed by |1 → |2 . A challenge to this process are collisions and 13
Temperature (μK)
Laser Power (W) Number of Particles this field the difference of magnetic moment is much larger, and our inhomogeneous field makes such transfers poor. Instead we opt to do fast transfers at 73.6 mT and accept the collisional incoherence. We apply a 0.36 ms π pulse to transfer the atoms from |2 to |3 and then a 0.48 ms π pulse to transfer the atoms from |1 to |2 . About 50% of the atoms can be successfully driven to |3 by the first pulse. We believe the efficiency is limited by the decoherence due to the existence of |1 . The transfer efficiency of our π pulse can be as high as 80% when no |1 atoms exist, and Landau-Zener sweeps have similar performance. The imperfect transfer here is most likely due to the curvature of the magnetic field. Currently the BEC by applying a further 700 ms evaporation. The atom number and temperature during evaporation are shown in Fig. 8 . We use the same imaging technique to identify the bimodal distribution and determine the BEC condensate fraction as shown in Fig. 9 . At best we can have 28 ± 3% atoms condensed with a total number of 3.2 × 10 4 . Although the RF transfer incurs a significant atom number loss, we can see that it does not prevent the formation of condensates.
VI. CONCLUSION
In conclusion, we have demonstrated an all-optical method for producing molecular BECs of 6 Li in either the |1 − |2 or |2 − |3 hyperfine mixtures. In principle it would be easy to extend this to the |1 − |3 mixture as well. These experiments pave the way for future investigations of degenerate Fermi gases and detailed comparisons of many-body properties
